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Abstract. Ionized nebulae have been targets of interest since the introduction of the 
telescope centuries ago. These isolated, "classical" H n regions gave us some of the 
earliest insight into the copious feedback energy that stars inject into the interstellar 
medium. Their unique spectra contain information about the quality and quantity of 
the ionizing field as well as the temperature, density, and metallicity of these discrete 
locations in the Galaxy. With increasing sensitivity across many spectral domains, we 
now know that ionized gas is not localized to massive star regions in many star-forming 
galaxies. In particular, recent observational studies allow a thorough comparison of 
the physical conditions and distribution of the well-studied classical H II regions to 
the more widespread warm, diffuse gas. By more realistically evolving a dynamic in- 
terstellar medium, models are beginning to reproduce the observed emission measure 
variations and provide a natural solution to the propagation of ionizing flux from a 
predominantly neutral galactic disk to the distant halo. 



Bright, ionized nebulae are one of the most obvious sites where feedback from 
massive stars impacts the interstellar medium (ISM) in star-forming galaxies. But 
the discovery and study of widespread ionized gas over a wide range of temperatures 
(T ~ 10 4 -10 6 K) throughout the last century reveals that energy is deposited through 
other, large-scale processes. One phase that has received considerable attention over the 
last four decades is the pervasive, warm (~ 0.7-1.2 x 10 4 K) ionized medium (WIM). 
In most spiral galaxies with star formation similar or more vigorous than the Milky 
Way, the WIM is a thick (~ few kpc) l ayer of gas with a high fraction (> 80%) of 
ionized hydrogen. lHaffner et al.1 ( 2009a!) reviews much of the observational and the- 
oretical work done recently to define its properties and explore the possibilities for 
powering the ionization and heating of this component. Here, we review the history 
of early observations, issues that arose from those first data, and early simulations that 
explored solutions (CD and §0; more recent extragalactic and Galactic observations 
made possible with modern instrumentation (§[5] and ® ; and new simulations inspired 
by a growing appreciation for turbulence and the complex density distribution of a real, 
dynamic ISM (©. 



1. Discovery & Early Exploration 

The existe nce of substantial io nized gas outside of classical H 11 regions was first sug- 
gested by iHoyle & Ellisl ( 19631) . Very low frequency radio observations of the Galactic 



synchrotron emission show a turnover below 10 MHz, a marked deviation from a con- 
stant power law at higher frequencies. The peak emission in the spectrum changes 
with latitude, with the highest latitudes having the lowest frequency turnover. Hoyle & 
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Ellis interpreted this break from the power law relationship as evidence for free-free ab- 
sorption of the synchrotron emission by electrons along the line of sight. With a clear 
lack of discrete ionized regions at high latitudes, they posited a diffuse ionized layer 
must exist to provide the absoiption. Using the latitude dependence of the peak shift 
and plausible arguments about the temperature and density of the absorbing layer, they 
present a model of the WIM with physical characteristics only a factor of a few from 

adopted values today. 

Shortly following their work, the discovery of pulsars dHewish etal.lll968h af- 



forded a direct measure of the free electron column along lines of sight since their 
dispersion measure (DM = f n e dl) causes a time delay in pulse arrival as a function of 
frequency. Significant dispersion measures are seen toward pulsars — especially those 
above the plane — that have no obvious ionized region along the line of sight. 

While both of these observations from the radio sky provide strong evidence for 
ionized gas far from classical H u regions, they are difficult to fully examine the physical 
characteristics of the WIM. Instead, investigators pushed hard to detect direct emission 
from the WIM, most notably in the optical where the predicted densities and tempera- 
tures of the gas were expected to produce a very faint spectrum sim ilar to H u regions, 
including the typical hydrogen recombination lines. ISivanl d 19741) presented a deep, 
wide-field Ha survey that revealed substantially fainter ionized regions than had been 
previously seen, including faint, extended structure near several nearby H u regions. 
However, detection of the WIM in moderate-resolution imaging surveys was not possi- 
ble until the advent of modern CCD detectors (see §0. 

In the meantime, Reynolds et al.1 (ll973al Jbl) utilized large-format (15 cm) Fabry- 



Perot etalons to detect and resolve spectral line emission from the ISM more than an 
order of magnitude fainter than the sensitivity limits of direct imaging at the time. 
Leveraging the ability of such spectrometers to accept a large solid angle, Reynolds 
traded spatial resolution (~ 1°) for sensitivity and spectral resolution and began an 
observational campaign to fully explore the nature of this extended, pervasive ionized 
component of the ISM. 

After about two decades of dedicated work, Reynolds and collaborators had estab- 
lished the basic characteristics of the WIM in the Milky Way: 

• Locally, in a vertical column through the solar neighborhood, 
H + « :%~lx 10 20 cnT 2 . 

• Globally, 90% of the H + mass is in the WIM, not in H II regions. 

• Fills 20-40% of the volume over a 2-3 kpc thick layer about the midplane. 

• Requires 1 x 10~ 4 erg s" 1 cm -2 to sustain the 5 x 10 6 s~ ! cm -2 recombination 
rate. 

This power rate is quite high (|Reynoldsl [l984). In comparison to some well-known 
sources, the observed recombination rate requires nearly all the mechanical energy out- 
put from supernovae in the Galaxy or about 15% of the total ionizing flux of massive 
(OB) stars. While the latter provides a much more comfortable margin and a natural 
extension of their obvious H ii regions, there are two immediate problems that need to 
be explained. 

First, if massive stars are the source, we must be able to explain how at least 
15% of their ionizing flux escapes to these large distances above the plane. With their 
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short lifetimes and the concentration of massive star-forming regions close to the plane, 
few of these stars travel far from the dense medium of their birth. Combined with the 
large cross section of neutral hydrogen, simple distributions of the global ISM do not 
allow this population to contribute much at large distances. Some early attempts to add 
realistic complexity to models are discussed in $2j while more recent efforts leveraging 
our tremendous increase in resources today are reviewed in $5] 

Second, while the WIM does emit optical forbidden line emission similar to O- 
star H ii regions, it has characteristically lower [O m]/Ha and He i/Ha ratios as well 
as higher [N uJ/Hor and [S ii]/Hq'. The simplest interpretation of these differences is 
that lower ionization states are maintained in the WIM; the dominant ions are N + , 
S + , and + . Such a result could be explained by a softer ionizing spectrum, how- 
ever as ionizing flux is absorbed by neutral hydrogen away from the source it typically 
hardens; photons near 13.6 e V are preferentially absorbed. More likely, as shown by 
Domgorgen & Mathisl dl994l) . the gas can equilibrate in these lower states if the photon 
to gas density ratio (the ionization parameter) is very low. In such a dilute radiation 
field, atoms have time to recombine on average before the next ionizing photon arrives. 



2. Early Models 

While more comfortable solutions exist to these two problems today (as described 
later), the observational findings spawned a number of creative solutions to provide 
a more extended or even in situ ionization source. Some ideas included: 



• Stellar components wit h larger scale heights: B-stars, evolved cores, & white 
dwarfs (Rey noldsll 19841) . 



Supemovae through cooling hot gas, shocks, mixing layers dSlavin et al. 2000, 



1993; Sha piro & Beniaminlll991l) . 



Magnetic reconnection powered by supemovae or galactic rotation dRaymond 

[mi. 



Decaying neutrinos dSciama| [l990). 



Although the power requirements still make it hard for one of these options to 
dominate the ionization of the WIM, many of these sources (save the last) are likely 
to contribute at some level in spiral galaxies. Some of the variation in line ratios, 
especially at large distances from th e plane, may be due t o a higher percentage of flux 
from these sources in the halo (e.g. JCollins & RancfeOOll) . 

At the same time that alternative ionizing sources were being investigated, sev- 
eral grou ps turned their attenti on to examining the details of Lyman continuum (LyC) 
transport. iMiller & Coxl d 1993b describe a scenario where an originally smooth medium 
populated with opaque clouds is ionized by massive stars to create the WIM from large- 
scale, overlapping H II r egions. Focus i ng in stead on concentrations of massive stars 

to break out of the disk, iDove & Shulll d 19941) show that OB ass ociations are density 

boun ded vertically, allowing radiation to escape to large distances. iBasu. Johnstone. & Martin 
(1999) model a spec ific dynamical solution for the superbub ble associated with the W4 
H ii region, which iDennison. Topasna. & Simone tti ( 1997) show has associated faint 
Ha. The specific model that explains the dynamical size of the superbubble and the 
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associated emission also allows about 15% of the orig inal ionizing flux to escape ver- 
tically from the region. iDove. Shull. & Ferra ra (2000) further explore this idea more 
generally for associations, examining larger vertical regions and exploring various time 
evolution scenarios for the star formation history. 

The collection of these transport studies demonstrated that ionizing flux can be 
propagated to large distances above the plane with reasonable conditions: either within 
an association and/or with a specific distribution of the neutral medium. Whether these 
conditions are justified and globally applicable to explain the pervasive nature of the 
WIM has only recently been able to be studied in new simulations of the fully multi- 
phase and dynamic ISM (see 



3. An Extragalactic Perspective 

As with many topics dependent on optical astronomy, the introduction of CCDs into 
mainstream research in the early 1990s propelled the study of the WIM to a new level. 
The increased sensitivity and linearity allowed new investigations of the morphology 
and extent of faintly emitting gas in the Milky Way (©, providing a new view of the 
relationship between H n regions and the diffuse gas. The WIM in other spiral galaxies 
could also be studied to similar physical extents from the plane as our galaxy, showing 
that this component of our ISM was ubiquitous in similar galaxies. 

Deep imaging and spectroscopy of the diffuse gas of many spiral and irregular 
star-forming galaxies provided a welcome global view in the early 1990s. Since the 
fainter emitting gas in other galaxies was not necessarily known a priori to be similar 
to the WIM of the Milky Way, extragalactic researchers called it "diffuse ionized gas" 
(DIG). Today it is generally recognized that most of the DIG emission traces the WIM 
component in a galaxy. Ha imaging of edge-on spirals reveals a large, extended, dif- 
fuse ionized component that generally matches the inferred distribution of the Milky 
Way from our interior vantage point (Figure [T]). Complementary observations of face- 
on galaxies show diffuse emission following star formation and the general structure of 
the spiral arms. Spectroscopy of the diffuse gas in a variety of galaxy types and orienta- 
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tions replicate general trends in the Milky Way but exhibit variation in metallicity and 
excitation present in such a larger observational sample. 

The deluge of observations from these initial studies provided a global view that 
further reinforced the WIM as a distinct component of the ISM in spirals: 

• 25-60% of Ha luminosity emitted from spiral galaxies comes from their WIM, 
not from their H 11 regions. The power requirement is quite large and on scale 
with that required for the Milky Way. 

• As in the Milky Way, the WIM in spirals is generally distributed as a wide- 
spread, thick disk of H + with scale heights typically 1-3 kpc. However this new 
persp ective revealed some radial variation in scale height in some galaxies (e.g., 
lRandlll996l : lHoopes et al.lll999h . 

• Metal ions are also preferentially in lower ionization states, clearly now a unique 
spectral tracer of the WIM. Line ratios of the se dominant ions to Ha vary in- 



verse l y wi th Ha in tensity, as in our galaxy (e.g..lOtte et al.12 002. 2001l: lCoirins & Rand 
120011 : iTullmann & Dettmadl2000l : iGolla et al.lfl996h . 



Rossa & Dettmarl ( 2003a|]bh completed one of the most comprehensive Ha imag- 



ing surveys of spirals to date. Their study shows a clear link between infrared tracers of 
active star formation and the existence of an extended ionized layer in a galaxy. Such a 
relationship suggests that either the source responsible for powering the star formation 
or a byproduct of the formation itself is responsible for maintaining the WIM layer. 
Although this link is consistent with ionization by massive stars, it does not rule out a 
role played by other sources such as supernovae. 

Evide nce for a closer l ink be twe en the massive stars and the WIM has come from 
the work of lFerguson et al.1 (1 19961) and lZurita. Rozas. & Beckmanl ((2000). In these stud- 
ies of the ionized gas in moderately inclined to face-on spirals they trace lower-limit 
WIM-to-total Ha luminosity fractions of 25-50% over the whole disk. Furthermore, 
they show that these fractions are roughly constant as a function of radius for the galax- 
ies in their samples despite the decreas i ng st ar-formation rate per unit area. In their 
very sensitive observations, IZurita et aD (120001) observe that enhanced diffuse emission 
near H ii regions supports that LyC flux is leaking from these sites. This impression 
persists despite the fact that the extremely high contrast and sharp boundary between 
an H ii region and the "background" suggests that the ionized region should be photon 
bounded (i.e., the flux has been completely absorbed). 



Zurita et all (120021) take this notion one step further and attempt to model the DIG 
of NGC 157 beginning with the actual H ii region distribution and luminosities as well 
as the actual H i distribution based on 21 cm observations. They are able to examine a 
variety of escape fraction scenarios and compare the results to their deep Ha observa- 
tions. While the results do not quite match the resolution of their optical observations 
due to limitations in the 2 1 cm data, the general agreement lends additional support to 
a "leaky" H ii region hypothesis. 



4. Galactic Ha Imaging Surveys and WHAM 



The advance in detector technology also spurred several groups to initiate deep, com- 
prehensive surveys of Ha from the Milky Way. Tabled] compiles a list of these recent 
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Table 1 . Recent Her Surveys 



Survey 


Coverage 


Sensitivity 


Resolution 


Notes 


Wisconsin H- Alpha 
Mapper (WHAM) 


complete 


< U.l K 


1 


(1) 


oUULilcril rl-/\ipila oKy 

Survey Atlas (SHASSA) 


A <f 4-1 s° 


lew i\ 


lew arc-nun 


{-) 


Virginia Tech Spectral-line 
Survey (VTSS) 


5> -15° 
\b\ < 30° 


fewR 


few arcmin 


(3) 


AAO/UKST SuperCOSMOS 
H- Alpha Survey (SHS) 


5> +2° 
\b\ < 10° 


<5R 


1-2 arc sec 


(4) 


INT/WFC Photometric 
H- Alpha Survey (IPHAS) 


+10° 
|*| < 5° 


fewR 


< 2 arcsec 


(5) 


VST/OMEGACAM Photometric 
H- Alpha Survey (VPHAS+) 


-10° 
1*1 < 5° 


fewR 


< 2 arcsec 


(6) 



(1) lHaffner et al.1 [20031 : http://www.astro.wisc.edu/wham/ Survey is spectral, not imaging. For 
details and southern survey progress, see ij4] All-sky public release expected in 201 1 or 2012. 

(2) lGaustad et alj2001l : http://amundsen. swarthmore.edu/ 

(3) Dennison et al. 1998; http : //www . phys . vt . edu/~ halpha/ About 50% of fields available. 

(4) lParker et alj200 5 ; http : / /www- wf au . roe . ac . uk/ sss/halpha/ Digitally scanned from originally 
photographic survey. 

(5) iDrew eta l. 2005; http://www.iphas.org/ About 60% available in an initial data release; fully 
calibrated survey to be released near end of 2010. 

(6) http : //www . vphas . org/ Preliminarily approved for the VLT Survey Telescope with observations 
expected to start in 201 1. 



efforts with their characteristics. WHAM and SHASSA are the only all- sky surveys 
to dat e; the other four surveys listed concentrate on the Galactic plane. iFinkbeiner] 
(l2003i) has combined WHAM, SHASSA, and VTSS into a complete Galactic survey 
(Figure [2]), although the resolution and sensitivity vary across the image. While most 
of these new surveys are imaging, our own efforts have been focused on providing a 
unique spectroscopic view. 

Leveraging the success of the Fabry-Perot spectrometer for study of the WIM, in 
the early 1990s Reynolds proposed to build a dedicated observatory to undertake the 
first kinematic survey of the diffuse ionized gas in the Galaxy. With funding primarily 
from the National Science Foundation, he and collaborators built the Wisconsin H- 
Alpha Mapper (WHAM) to be highly optimized for observations of large-angular-scale 
optical emission (Figure[3]>. WHAM consists of an all-sky siderostat that feeds a 0.6-m 
primary lens that delivers a 1° beam on the sky to a dual-etalon, 15-cm diameter Fabry- 
Perot spectrometer. The primary configuration produces a 200 km s _1 spectrum with 12 
km s" 1 resolution. Gap spacings are fixed in the etalons, but this spectral window can 
be tuned between about 4800 A and 7300 A by changing the gas pressure (SFg) in the 
etalon chamber s. Considera ble detail about WHAM's optical design and performance 
can be found in lTuftel (119970 . 
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Figure 2. A composite view of the Ha sky. WHAM, SHASSA, and VTSS sur- 
veys combine to provi de a sensitive, all-s ky picture of the diffuse ionized gas of the 
Milky Way. Data from Finkbeinerj (120031) . 



Commissioned at Pine Bluff Observatory (PBO) in Wisconsin during 1996, we 
installed WHAM at Kitt Peak National Observ atory (KPNO) in N ovember, 1996 and 
began the Northern Sky Survey (WHAM-NSS; lHaffner et al1l2003h in early 1997. Two 
years of Ha survey observations were followe d by an exploration of the physics of the 
WIM through other optical emission lines (e.g., iMadsen et al.l2006l: Madsen & Reynolds! 
200|; lHausen et al1l2002l : iRevnolds et al.l200lLfl999l : lHaffner et all 1 9991 : iRevnolds et al. 



and attempts to detect and map faint Ha emission from high- velocity com- 



plexes (e.g . .lHaffner et al.l l2009bl: lHaffner! 120051 : iTufte et al.ll2002l : lHaffner et al.ll2001 



Tufte et al. 1998). After eleven years at KPNO, we decommissioned WHAM and 



moved it back to PBO for a year of maintenance. In early 2009, WHAM shipped to 
Chile and was installed at Cerro Tololo Inter-American Observatory (CTIO) in March. 
After a short period of recalibration and recommissioning, science observations re- 
sumed. At this point (mid-2010), more than 90% of the Ha data newly observable 
(6 < -30°) and more than 70% of a full southern sky survey (d < +30°) has been 
obtained. We expect to release a fully calibrated, all-sky survey by late 2011 or early 
2012. 

While surveys of neutral hydrogen have typically enjoyed high spectral resolution 

(e^ lMcClure-Griffiths et al.l2009l : iKalberla et al.l2005l : iBaiaia et al.ll2005l : lHartmann & Burton 



1997), WHAM delivers the first all-sky kinematic survey at Ha. Although the angular 



resolution is modest for optical wavelengths, its sensitivity and ability to separate ter- 
restrial lines from Galactic components reveals emission that covers the sky. Spectral 
resolution also allows us to isolate structure along lines of sight where rotation sep- 
arates spiral arms and provides new insight into the dynamics of large-scale discrete 
objects. An example of the power of the kinematic survey can be found in Haffner et 
al. (this volume, pg. xxx). 
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Figure 3. The Wisconsin H- Alpha Mapper. WHAM observing the Chilean sky 
from Cerro Tololo in early 2009. Photo courtesy Alex Hill. 



5. New Simulations 



Simulations examining the structure and powering of the WIM and its connection to 
H ii regions have also progressed significantly over the past few years. Beyond the 
continuing increase in computational resources, a resounding theme in recent years has 
been the impact of density variations on ionized regions. Recognizing that dynamics in 
either organized or turbulent forms has a considerable impact on the density structure 
of the ISM, many recent works are finding that such conditions change the ionization 

and emission of regions to better match recent observations. 

Exa mining the internal s tructure of locally ionized regions. iGiammanco et al. (2004, 



2005) and Wood et al. (2005) find that inhomogeneities in H ii regions impact not only 
the internal ionization and emission structure, but also the amount of ionizing flux that 
escapes. In the future, these results can be linked more directly to global simulations 
of the WIM that i nclude input from actual H ii region distributions, such as that of 
Zurita et all (120021) . discussed in jj|3] ab ove. 

At larger scales. [Hill et a l. (2008) find that the emission distribution of the WIM is 
lo gnormal, which lead s them to compare the MHD models of a turbulent ISM produced 
by iKowal et all (120071) . A simple, idealized simulation cube allows them to explore a 
wide range of parameter space in this study. Simulations that best match the observed 
emission distribution are mildly supersonic (M ~ 1.4-2.4), producing line widths con- 
sistent with those observed by WHAM. They also find that the simulated emission 
distribution is relatively insensitive to changes in the magnetic field strength. 



Using more complex conditions that emulate a slice of the Galaxy, IWood et al. 
( 201(f) ioniz e the supernovae-driven turbulent m edium generated in the models of iJoung & Mac Low 
(2006) and IJoung. Mac Low. & BryarJ (120091) . Although the additional complexity 



does not permit them to study a large parameter space, the attempt to match galac- 
tic conditions provides an interesting complement to the more idealized models. They 
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show that with an ionizing source distribution similar to that near the sun, LyC can 
travel to large distances (> 2 kpc) from the plane. While the details of the gas dis- 
tributions do not match observations in these non-magnetic simulations, the ability to 
ionize the WIM through a self-consistent, dynamic ISM is encouraging. Hill et al. (this 
volume, pg. xxx) discuss this latest work in more detail. 



6. Summary 

Recent observations and simulations suggest that a dynamic ISM is essential to explain 
the ionization and emission structure of the WIM. A turbulent, fractal medium allows 
LyC radiation to escape H n regions and ionize gas far from massive stars. These 
elements may soon allow a fully global model to solidify the link between active star 
formation and powering the WIM. 

WHAM will soon finish the southern component of the first all-sky kinematic 
Ha survey of the Milky Way. Followup with other emission line surveys will allow 
us to compare physical conditions of the WIM in a variety of conditions across the 
whole Galaxy. WHAM will then turn its gaze farther toward the Magellanic system 
to explore diffuse ionization in the unique conditions provided, in particular, by the 
extended structures of the Bridge and Stream. 

Acknowledgments. LMH and WHAM are supported by NSF award AST-06075 12. 
WHAM was built with the help of the University of Wisconsin Graduate School, Phys- 
ical Sciences Lab, and Space Astronomy Lab. Their staff and that of KPNO and CTIO 
have greatly contributed to the success of the project. 
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